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Abstract 
The thermal valorization of glycerol to produce 
synthesis gas has been investigated under both 
conventional and microwave heating systems. 
Different processes (pyrolysis, steam reforming and 
dry reforming) are compared using a commercial 
activated carbon as catalyst. Steam reforming 
generates the lowest gas fraction and the highest 
amount of hydrogen and syngas in the final gas 
composition, while the opposite occurs in the dry 
reforming experiments. Microwave processing has 
proved to give higher gas yields with a large syngas 
content compared to conventional heating 
processes. The use of carbon-based catalysts 
appears highly suitable for producing synthesis gas 
with a H2/CO ratio close to 1, and the additional 
advantage of minimal CO2 emissions. 
Keywords: Glycerol; Carbon-based catalyst; 
Synthesis gas; Microwave; Thermal valorization 
INTRODUCTION 
Glycerol is the main byproduct of biodiesel 
production and has become an alternative renewable 
energy resource as a consequence of the growing 
demand for biodiesel over the last few years.  
 The versatile character of glycerol makes it 
ideal for producing a wide variety of chemicals and 
fuels. However, the current outlets for glycerol do not 
justify exploitation of the surplus product.  
 The production of synthesis gas is attracting 
increasingly more interest because it is the main 
chemical intermediate in chemical processes for the 
synthesis of other compounds. In recent years, 
various hydrogen and syngas production methods 
based on the use of glycerol have been studied and 
compared (pyrolysis [1], steam reforming [2], 
autothermal reforming [3], aqueous-phase reforming 
[4], supercritical water reforming [5] and dry 
reforming [6]). Conventional heating systems 
combined with metal-based catalysts are often used 
in these thermal valorization processes. The nature  
 
 
of the metal components has a remarkable influence 
on the activity of the catalyst as well as on the gas 
distribution in the products. However, metal-based 
catalysts are not without drawbacks, deactivation 
due to heavy coke deposition being one of the most 
important disadvantages. 
 A previous work by our group [7] 
demonstrated that the microwave pyrolysis of 
glycerol using carbon-based catalysts is an effective 
method to produce syngas. Apart from the standard 
advantages that microwave irradiation offers over 
traditional thermal heat sources [8], carbon materials 
in addition to being considered excellent microwave 
receptors, are reported to provide a highly 
competitive performance in some catalytic processes 
[9]. 
 In view of our previous results [7], the aim of 
this work was to investigate the steam and dry 
reforming of glycerol under similar conditions and to 
compare these results with those of the pyrolysis 
experiments. Activated carbon which displayed the 
best performance in the pyrolysis tests was selected 
as catalyst. The influence of the valorization process 
and the heating system (electrical vs. microwave 
heating) was also studied. Catalyst performance was 
assessed in terms of gas yield and the amount of 
syngas produced in the final gas composition. 
EXPERIMENTAL 
Glycerol, with a purity of 99%, was supplied by 
Panreac Quimica, S.A. An activated carbon obtained 
from bituminous carbon (BC) and activated with 
steam was used as catalyst, and in the case of 
microwave heating as catalyst /microwave receptor 
(C/MR).  
 The thermal valorization of glycerol was 
carried out through the processes of pyrolysis (P), 
steam reforming (SR) and dry reforming (DR), using 
two different heating systems: an electrical furnace 
(EF) and a single mode microwave oven (MW). All 
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the experiments were performed at 800 ºC over BC 
in order to be able to compare the gas yield and 
amount of syngas produced in the final gas 
composition.  
 The liquid glycerol was pumped into a quartz 
reactor (40 cm length x 3 cm i.d.) at a flow rate of 40 
mL h-1, by means of a syringe pump. The reactor was 
loaded with 12 g of BC, so that the weight hourly 
space velocity (WHSV) would be the same in all 
cases (3.33 mL h-1 g-1). During the P and the SR of 
the glycerol the reactor was kept under an inert 
atmosphere at a nitrogen flow rate of 60 mL min-1. 
For the SR an aqueous solution of glycerol (molar 
ratio H2O/glycerol =1) was used. For the DR, the 
same nitrogen flow was employed until the desired 
operating temperature was reached and then, a CO2 
flow rate of 60 mL min-1 was introduced. All the 
experiments were carried out at atmospheric pressure.  
 In the case of electrical heating, the furnace 
was first heated to the appropriate operating 
temperature. The reactor loaded with the catalyst 
was then placed inside the EF, and the temperature 
was controlled by means of a type R thermocouple 
which was kept in constant contact with the load. 
Once the pyrolysis temperature was reached and 
had stabilized, the thermocouple was replaced by the 
glycerol injector. In the case of microwave heating, 
the loaded reactor was positioned in the center of a 
microwave guide and an infrared optical pyrometer 
was used to monitor the temperature. The required 
temperature was reached by varying the microwave 
power. After the system was made inert and the 
temperature had stabilized, a flow of glycerine or 
glycerine/water was activated for 30 min.   
 The volatiles evolved from the 
decomposition of the glycerol passed through six 
consecutive condensers placed inside an ice bath, 
the last of which contained magnesium perchlorate 
(anhidrone) to remove any moisture content. The 
non-condensable gases were collected in 3 L 
Tedlar® bags (with a polypropylene fitting for 
sampling) every 3 min, so that a total of 10 bags had 
been collected by the end of the experiments. The 
solid and oil fraction yields were calculated from the 
weight of each fraction (not including the initial mass 
of the catalyst), while the gas yield was evaluated by 
difference. The gases were analyzed in a Varian 
CP-3800 gas chromatograph fitted with a thermal 
conductivity detector (TCD). 
 
RESULTS AND DISCUSSION 
The thermal valorization of glycerol was carried out 
over an activated carbon at 800 ºC using different 
processes (P, SR and DR) and heating systems (EF 
and MW). A distribution of the products obtained is 
presented in Table 1. The final gas compositions are 
shown in Table 2. 
Influence of the valorization process 
According to the product distribution, in all the 
processes the highest fraction corresponds to 
gaseous products, followed by the liquid and then the 
solid yields. The main differences appear in the SR of 
glycerol, where the gas yield decreases to below 
70% and the liquid fractions rise to over 30% as a 
consequence of unconverted water that remains in 
the condensed reaction products. When comparing 
the P and DR experiments, no significant differences 
were found, except that a higher gas fraction was 
produced in DRMW (up to 86 wt%).  
 If we consider the composition of the gases 
that evolved during the experiments (Table 2), it can 
be observed that the amount of synthesis gas 
produced is higher than 73 vol% in all cases. Other 
gases, such as CO2 and light hydrocarbons (CH4, 
C2H4 and C2H6), were also detected. The most 
successful method to produce hydrogen was the SR, 
which displayed the highest values of H2 + CO in the 
final gas composition (up to 85 vol%). 
 
Table 1. Product distribution (%wt.) during the thermal 
valorization of glycerol at 800 ºC. 
 PEF PMW SREF SRMW DREF DRMW 
Char 1.4 3.7 2.3 1.7 2.1 1.9 
Oil 16.8 12.7 30.8 30.1 18.4 12.5 
Gas 81.8 83.6 66.8 68.1 79.8 85.6 
 
Table 2. Gas composition (%vol.) during the thermal 
valorization of glycerol at 800 ºC. 
 PEF PMW SREF SRMW DREF DRMW 
H2 28.91 34.60 30.88 40.90 28.32 33.84 
CO 48.75 45.93 47.23 43.97 45.02 45.20 
CO2 1.44 1.80 0.64 1.48 7.16 6.13 
CH4 14.61 13.52 15.75 10.76 13.59 10.49 
C2H4 4.27 2.96 3.80 2.23 4.31 3.57 
C2H6 1.82 1.03 1.71 0.67 1.60 0.77 
H2+CO 77.66 80.53 78.10 84.87 73.34 79.04 
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Pyrolysis was the second best process producing up 
to 81 vol% of syngas, followed by the DR (up to 79 
vol%). It is noteworthy that the process with the 
highest gas fraction generates the lowest amount of 
hydrogen and syngas in the final gas composition, 
and vice versa, corresponding to the DR and SR, 
respectively. During the SR, the splitting of 
hydrocarbons (reaction 1) is favored by the presence 
of water. Therefore, the higher H2 contents are 
related to water donation. 
CnH2n+2 + nH2O ↔  nCO+ (2n+1)H2                (1) 
Influence of the heating system 
As regards the heating system, MW generates 
greater gas fractions and lower liquid yields, while 
the carbonaceous residue only undergoes a 
decrease in the reforming experiments. Both H2O 
(reaction 2) and CO2 (reaction 3) can act as gasifying 
agent, though the role of the former is more 
important, judging by the higher drop in the solid 
yield. 
C + H2O↔  H2 + CO             (2) 
C + CO2↔  2CO                                   (3) 
 From the gas composition obtained during 
the different thermal processes, CO, H2 and CH4 
were the main gases produced in that order. 
However, the CO2 is greatly influenced by the 
processes and so the largest amounts (up to 7 vol%) 
correspond to the DR experiments, as was to be 
expected when CO2 was introduced at the beginning 
of the experiments. With respect to the synthesis gas 
content, MW produces higher values in all cases. 
Since the CO decreases, the rise in synthesis gas 
under MW must be attributed to dehydrogenated 
reactions which yield H2. From previous works by our 
group [7] it is known that microwave heating favors 
gas-solid reactions. Therefore, the decomposition of 
CH4 (reaction 4), which is catalyzed by the active 
centers on the AC surface ought to be favored by 
MW heating, contributing to higher amounts of H2.  
CH4 →  C + 2H2                                   (4) 
 However, these gas compositions differ from 
those found by other authors studying similar 
processes but with metal-based catalysts [1,6]. What 
is particularly interesting is that lower CO2 and higher 
CO yields are obtained under our experimental 
conditions. This kind of catalyst, therefore, seems to 
be highly suitable for producing synthesis gas with a 
H2/CO ratio close to 1, with the added advantage that 
minimal CO2 emissions are produced. 
CONCLUSIONS 
Steam reforming generates the lowest gas fraction 
with the highest amount of hydrogen and syngas in 
its final gas composition because water acts as a H2 
donor, whereas the opposite occurs for the dry 
reforming experiments. Microwave processing gives 
higher gas yields with large syngas content in 
comparison with conventional heating processes. On 
the other hand, carbon-based catalysts seem to be 
the most suitable catalysts for producing synthesis 
gas with a H2/CO ratio close to 1, an additional 
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